The present study investigates the theoretical thermodynamic performance analysis and flammability study of various new ozone friendly refrigerants as replacements to R22. In this work, five non azeotropic refrigerant blends comprising of R152a, R134a, R32, R290 and R1270, at various compositions were developed. Flammability study of all the five refrigerant mixtures considered were carried out by using Refrigerant Flammability (RF) number. The cycle followed during the performance investigation of refrigerants was the actual vapour compression refrigeration cycle. Thermodynamic performance characteristics of all the five investigated refrigerants were compared with the baseline refrigerant R22. Theoretical results showed that COP of refrigerant M40 was 0.51% higher, compared to R22 and the five refrigerants studied. Compressor discharge temperature of M40 was lowered by 11.6 0 C compared to R22. Power consumed to produce per ton of refrigeration of M40 was 0.52% lower, compared to R22 and the five refrigerants considered. Heat transfer rate through the condenser for M40 was 3.66% higher than R22. Volumetric refrigeration capacity of M40 was the highest among the five studied refrigerants and it was very close to the volumetric capacity of R22. Flammability analysis revealed that all the five investigated refrigerant mixtures were classified into the weakly flammable category. Overall, the thermodynamic performance of new ternary blend M40 (R32/R134a/R1270 5/60/35 by mass percentage) was higher than R22 with reasonable saving in power consumption and hence, M40 is a viable candidate to replace R22.
INTRODUCTION
Due to adverse ecological effects of Hydrochlorofluorocarbon (HCFC) refrigerant R22, Montreal protocol has been decided to phase out all the HCFCs by the year 2030, since HCFCs contain high global warming potential (GWP) and ozone depleting potential (ODP) [1] [2] . In this context, many developing and developed countries have spent much effort to develop their own alternative refrigerants to replace R22. In the past several years, performance studies on various refrigerants were carried out to recommend the alternatives to R22.
Investigational studies suggested that R407C was an appropriate retrofit refrigerant to R22 [3] . Performance investigation of ternary blend consisting of R744/R32/R134a (7/31/62 by mass %) was carried out on heat pump experimentally, to replace R22 [4] . Test results revealed that COP of above blend was 2.5% higher than R22. This ternary blend was suitable for low temperature heat pumps due to its surplus condensing temperature. Experimental investigations showed that ternary blend consisting of R125/R32/R161 (34/15/51 by wt %) was a favorable refrigerant substitute for R407C [5] . Theoretical thermodynamic analysis was carried out in a variable refrigerant flow system with R32 as a replacement candidate to R410A [6] . Results revealed that COP of R32 was 5-6% higher than R410A, under the mode of heating and cooling conditions, respectively.
The performance characteristics of refrigerants are also computed for various evaporator temperatures by keeping the condenser temperature constant.
ALTERNATIVE REFRIGERANTS AND THEIR PROPERTIES
In the present study apart from R407C, five alternative refrigerant mixtures comprising of R32, R134a, R152a, R290 and R1270, at various composition were developed. Designation of refrigerants which were developed in this study are shown in Table 1 . Similarly basic properties of alternative refrigerants are shown in Table 2 . From Table 2 , it is observed that all the five refrigerant blends are non azeotropic. This is due to their higher temperature glide. All the developed refrigerants are ozone friendly and have low GWP compared to base line refrigerant R22. In this investigation, Martin-Hou equation of state was used to develop the thermodynamic properties of all the investigated blends which are essential for thermodynamic analysis [13] .
The significance of Martin-Hou equation of state is that, it gives the better accuracy and results for the estimation of thermodynamic properties of pure and mixture refrigerants [13] [14] [15] . The properties of refrigerants like R407C and R22, matches well with the ASHRAE refrigerants experimental properties data hand book [16] . The percentage variation in the estimated properties of R407C and R22 compared with ASHRAE was within 2% for the given operating conditions. Hence, the procedure followed to develop the properties of R407C and R22 is considered as reliable. Therefore, same methodology is followed to develop the thermodynamic properties of new refrigerants as well.
Procedure to develop thermodynamic properties of pure and mixture refrigerants
Procedure followed for the development of properties of refrigerants was taken from literature and it is explained below [17] [18] .
Procedure for pure refrigerants
Various correlations used to establish the thermodynamic properties of refrigerants are given in this section. P-h chart used while developing the properties of pure refrigerants is shown in Figure 1. Step by step procedure followed to develop the properties of refrigerants is given below. First of all find the saturation pressure of the given refrigerant. The correlation between saturation pressure (Psat) and saturation temperature (Tsat) was given by Wagner equation and it is given below [19] .
where =1-T/Tc; A, B, C and D are constants for a particular refrigerant. The above constants for various refrigerants were available in literature [19] . For example, saturation vapour pressure constants for refrigerant R22 are shown in Table 3 . Find the liquid density of given refrigerant. In this study, Reid et al. correlation was used to find the liquid density of various refrigerants [20] [21] . where ω is acentric factor; Tr=T/Tc, ω, ρc and Tc are constants for the various refrigerants. These constants for the various refrigerants were available in literature [18] . For example, constants of R22 for equation (2) are given in Table 4 . Find the specific volume of vapour refrigerant. In this study, specific volume of vapour for all the refrigerants considered is computed by using Martin-Hou equation of state (MHEOS) [13] . 
where A2, A3, A4, B2, B3, B5, C2, C3 and b are the dimensionless coefficients of Martin-Hou equation of state (MHEOS) for the various refrigerants. Procedure followed to compute the above coefficients was explained in the literature [13] . By solving the above equation (3), the dimensionless coefficients for R22 are listed in Table 5 . where = − Apply the departure method to find the enthalpy and entropy of various refrigerants [17] [18] . While computing the properties, the reference state for enthalpy and entropy is to be fixed. İn case of refrigerants, values of enthalpy and entropy assigned to the reference state of saturated liquid at 0 0 C are h1=hf1=200 kJ/kg and S1=Sf1=1.0 kJ/kg K respectively [17] [18] .
The significance of departure function is, to compute the enthalpy and entropy at various points as shown in Figure 1 (P-h diagram). To compute the enthalpy at point 3, the enthalpy departure method is used. The enthalpy departure term (h3-h2) is given as follows.
By solving the equations (5) and (6) the value of h3 can be found. In order to find the enthalpy h4 at point 4, ideal gas heat capacity correlation and enthalpy difference (h4-h3) can be used and it is given below.
In the present work, ideal gas heat capacity ( 0 ) correlation was taken from the literature and it is given below [18] .
where G0, G1, G2, G3 and G4 are the constants for various refrigerants. The above constants for various refrigerants were available in the literature [18] . For example, constants of ideal gas heat capacity correlation for R22 are shown in Table 6 . Again enthalpy departure term is used in between the state points 4 and 5 in order to find enthalpy h5. 
By solving the above equations (9) and (10) the value of h5 can be found. The saturated liquid enthalpy at state point 6 can be found by using the following relation.
where hfg is found by using Clasius-Clayperon equation at a given temperature. Find the liquid entropy of given refrigerant. To compute the thermodynamic properties (enthalpy and entropy) of refrigerant at any given pressure and temperature, the departure method is used and the corresponding saturated liquid enthalpy and saturated liquid entropy is calculated by using the Clausius-Clapeyron equation. Entropy of liquid for the given refrigerant can be calculated as follows.
Find the vapour entropy of refrigerant. Entropy of vapour for the given refrigerant can be computed as follows.
By following the above methodology, thermodynamic properties of various pure refrigerants can be found. Similarly procedure followed to compute the thermodynamic properties of refrigerant mixtures is given below.
Procedure for refrigerant mixtures
P-h chart used while developing the properties of refrigerant mixtures is shown in Figure 2 . (ii) Bubble point temperature and dew point temperature of refrigerant mixtures are computed by using the interpolation method and by taking the saturation temperature and pressure data of pure refrigerants [17] .
(iii) Mixing rules and binary interaction parameter used while developing and establishing the thermodynamic properties of refrigerant mixtures were taken from the literature [18, 22] . These rules are used to find critical temperature and critical pressure of the refrigerant mixture. 
The binary interaction parameter kij is given by
(iv) Specific volume of vapour for the given refrigerant mixture can be computed by using Martin-Hou equation of state.
(v) Similarly departure method is used to find the enthalpy and entropy of various refrigerant mixtures and the procedure for departure method was explained in the literature [17] [18] .
By following the above methodology, thermodynamic properties of various refrigerant mixtures can be found. The computed thermodynamic properties of refrigerants like R407C and R22, matches well with the ASHRAE refrigerants experimental properties data hand book [16] . Deviation of computed properties of R407C and R22 compared with ASHRAE was within 2% for the given operating conditions. Therefore, the methodology followed to compute the properties of R407C and R22 is reliable. Hence, same methodology is followed to develop the thermodynamic properties of new refrigerants as well, since thermodynamic properties of new refrigerants are not available in the literature.
FLAMMABILITY STUDY
Study of flammability is very essential for the researchers while developing alternative refrigerants. ASHRAE safety standard 34 reveals that, flammability of refrigerants is categorized into various safety groups like non-flammable (A1), weakly flammable (A2) and highly flammable (A3) groups respectively [23] . From this safety standard, it is found that, refrigerants R22, R134a, R125 and R407C are classified into non-flammable group (A1) whereas R32 and R152a are classified into weakly flammable (A2) respectively. Similarly R290 and R1270 are classified into highly flammable (A3).
However flammability group of various new mixture refrigerants (M10, M20, M30, M40, and M50) are not available in the ASHRAE safety standard 34, hence refrigerant flammability number (RF number) was used in this study for assessing the flammability of new mixture refrigerants. RF number has good agreement with that of ASHRAE safety standard 34 which is used for classifying the refrigerants into various flammability groups [24] . It is reliable to express the hazards of combustion with respect to limits of flammability of each refrigerant by using refrigerant flammability (RF) number. Depending upon RF number, refrigerants are classified into various categories [24] . If RF number is less than 30 kJ/g, then they are categorized as weakly flammable refrigerants (ASHRAE A2) and if it is in between 30 to 150 kJ/g, then they are classified as highly flammable refrigerants (ASHRAE A3). An empirical correlation used for calculating the RF number of the five refrigerants studied, is given below.
By using the above formula the values of RF number of various new refrigerant mixtures (M10, M20, M30, M40 and M50) were calculated and they are shown in Table 7 . Similarly the summary of flammability groups of all the R22 alternatives investigated in this study are given in the Table 8 . From the Table 7 it is found that, flammability of all the five investigated refrigerants (M10 to M50) are categorized into weakly flammable group (ASHRAE A2), because RF number of these refrigerants was below 30 kJ/g. 
VAPOUR COMPRESSION REFRIGERATION SYSTEM
The schematic representation of vapour compression refrigeration (VCR) system is shown in Figure 3 [17] . Residential air conditioners work on the principle of vapour compression refrigeration system. In majority of literature, thermodynamic analysis of air conditioners was done based on either simple saturation or standard vapour compression cycle [25] [26] [27] [28] . The P-h diagram of standard vapour compression cycle is shown in Figure 4 . In this standard cycle, pressure losses and heat losses to the surroundings from condensers and evaporators are neglected. Similarly suction line pressure drop, discharge line pressure drop and heat gain or heat losses occur at various device of the system are neglected for the ease of theoretical computations.
However in actual practice, subcooling, superheating, pressure losses and heat gain or heat losses occur at various system components. All the above losses are considered in the actual vapour compression cycle. Hence, the present study considered the actual vapour compression refrigeration cycle for the thermodynamic performance analysis of air conditioner. P-h diagram of actual vapour compression cycle is shown in Figure 5 . The capacity of air conditioner is taken as 1.5 ton of refrigeration. The description of various state points of the standard vapour compression cycle is shown in Table 9 . Similarly description of different state points of actual vapour compression cycle is shown in Table 10 . Table 9 . Description of standard vapour compression cycle State points of the cycle Description 1"-2"
Isentropic compression 2"-3"
Constant pressure condensation 3"-4"
Isenthalpic expansion 4"-1"
Constant pressure evaporation 1-1" Degree of superheating 3-3"
Degree of subcooling Pressure drop in the discharge line 2f-2g
Desuperheating of refrigerant and heat loss through discharge line 2g-3
Condenser pressure drop 3-3e
Refrigerant subcooling in the condenser 3e-3f
Heat gain through the liquid line
The Table  11 [17, 29] . 
COMPUTATIONAL THERMODYNAMIC PERFORMANCE ANALYSIS
Thermodynamic analysis was carried out to find a suitable alternative to R22. Performance characteristics of R22 and its considered alternatives were evaluated at AHRI conditions and these conditions are shown in Table 12 . Actually, AHRI conditions are used in the performance calculation of air conditioners. In this study, thermodynamic analysis of various R22 alternatives was done for both the standard vapour compression cycle and actual vapour compression cycle (Complex cycle). 
Thermodynamic performance computations for standard vapour compression refrigeration cycle
Mathematical calculations involved in the performance evaluation of standard vapour compression cycle are given below.
Mass flow rate of refrigerant is computed as

̇=
Refrigerating effect occurred in the evaporator is given by
Specific work of compressor is determined by
Coefficient of performance (COP) is computed as
Condenser heat rejection (CHR) is given by
Power required per ton of refrigeration (PPTR) is expressed as unit power consumption and it is given by ̇= = 
where is capacity of system in ton of refrigeration (TR). Generally 1TR=211 kJ/min = 3.5167 Kw.
Volumetric refrigeration capacity is computed by
Heat transfer rate through the condenser is computed as
Pressure ratio is computed by
Discharge temperature of compressor (Td) can be found with the help of refrigerants superheated properties Tables and by interpolating for the given superheating value equivalent to difference in entropy, which is known.
Summary of results obtained from this standard vapour compression cycle are given in Table 13 .
Thermodynamic performance computations for actual vapour compression refrigeration cycle
Mathematical calculations involved in the performance evaluation of actual vapour compression cycle are given below.
Mass flow rate of refrigerant is computed as
̇=
Power required per ton of refrigeration (PPTR) is given by =̇= 3.5167 ( ) = ( 3.5167 )
Summary of results obtained from this actual vapour compression cycle are given in Table 14 .
Validation of results
In this work, a MATLAB program was developed to evaluate the thermodynamic performance characteristics of various considered R22 alternatives. The results obtained from the MATLAB program were compared with the Qiqi Table 15 . Hence, the program which is developed in this study is reliable and thus it can be employed for the thermodynamic analysis of various alternative refrigerants considered for the study.
From Tables 13 and 14 it is found that the performance of actual vapour compression system using various R22 alternatives is lower when compared with the performance of standard vapour compression cycle. This is due to various losses occur in the actual cycle which tends to decrease the performance of the system. Figure 6 . shows the refrigeration effect of R22 and its various alternatives for different evaporator temperatures at Tk=54.4 o C. From Figure 6 , it is observed that the refrigeration effect increases with increase in evaporator temperature for all the investigated refrigerants. The refrigeration effect of both M40 and M50 refrigerants is higher than R22, since latent heat of these refrigerants (M40 and M50) is higher compared to R22. shows the specific work of compressor for R22 and its various alternatives for various evaporator temperatures at Tk=54.4 o C. From Figure 7 , it is observed that the work input of compressor decreases with increase in evaporator temperature for all the considered refrigerants. Refrigerants M40 and M50 exhibit higher compressor work compared to R22, since vapour enthalpy values of above refrigerants are higher when compared to R22. 
RESULTS AND DISCUSSION
Refrigeration effect
Coefficient of performance (COP)
Coefficient of performance can be taken as an index of energy efficiency of the equipment, when it is operating with particular refrigerant. Figure 8 . shows the COP of R22 and its different alternatives for various evaporator temperatures at Tk=54.4 o C. From Figure 8 , it is seen that COP of all the refrigerants studied increases as the evaporator temperature rises, since COP depends on both the cooling effect and work of compression. COP of ternary mixture M40 is 0.51% higher, compared to R22 and other investigated refrigerants. Figure 9 , it is observed that the pressure ratio decreases with increase in evaporator temperature for all the considered refrigerants. This is due to increase in their evaporator pressure with increase in evaporator temperature. Pressure ratio of refrigerants M10, M20 and M30 is higher when compared with R22, since evaporator pressure of these refrigerants is lower when compared to the evaporator pressure of R22. The high pressure ratio causes the increase in discharge temperature of compressor. 
Compressor discharge temperature
Compressor discharge temperature indicates the life span of the compressor motor. Hence, it is essential to compute the discharge temperature of compressor, operating with various alternative refrigerants. The excessive discharge temperature causes burn out of windings of the compressor motor. Therefore, discharge temperature should be low from the view point of compressor life. From Figure 10 , it is seen that the compressor discharge temperature reduces with rise in evaporator temperature, since pressure ratio of refrigerants decreases with increase in evaporator temperature. Discharge temperatures of both M40 and M50 are lowered by 11.6-11.9 o C, compared to R22. Hence, these refrigerants are beneficial from the view point of compressor life. However from Figure 10 , it is evident that discharge temperature of refrigerants M10 and M20 increases as evaporator temperature crosses 5 o C compared to R22, since pressure ratio of these mixtures (M10 and M20) are higher compared to R22. Figure 11 , it is observed that power consumed by the compressor per ton of refrigeration decreases with rise in evaporator temperature for all the considered refrigerants, and this is because of increase in COP with increase in evaporator temperature.
Power consumed per ton of refrigeration of M40 is 0.52% lower compared to R22 and other considered refrigerants. Figure 12 . shows the volumetric refrigeration capacity of various R22 alternatives for different evaporator temperatures at Tk=54.4 o C. Volumetric capacity depends upon the vapour density occurs at the outlet of evaporator and also on the refrigeration effect. From Figure 12 , it is observed that volumetric refrigeration capacity increases with increase in evaporator temperature for all the studied refrigerants, since volumetric refrigeration capacity depends on both the values of vapour density at exit of evaporator and refrigeration effect of the refrigerants. Volumetric refrigeration capacity of M40 refrigerant is the highest among the five studied refrigerants and it is closer to that of R22. Therefore, the same R22 compressor can be used for M40, when compared to other refrigerants. Figure 13 , it is observed that condenser heat rejection decreases with increase in evaporator temperature, because latent heat of condensation of refrigerants decreases with increase in evaporator temperature. Condenser heat rejection of both M40 and M50 is higher than R22, since these refrigerants are blended with hydrocarbons, which will have high latent heat of condensation compared to R22. Figure 14 . shows the heat transfer through the condenser of R22 alternatives for various evaporator temperatures at Tk=54.4 0 C. Heat transfer through condenser indicates the load taken by the condenser to reject heat for the given fluid. It depends on mass flow rate and latent heat of condensation of the refrigerants. From Figure 14 , it is observed that heat transfer through condenser, decreases with rise in evaporator temperature. And also, from Figure 14 , it is evident that heat tansfer through condenser, for R407C, is higher than R22 and the other five investigated refrigerants. This is because of net effect of mass flow rate and latent heat of condensation of R407C, compared to R22 and the other five investigated refrigerants. 
Volumetric refrigeration capacity
Heat transfer through condenser
CONCLUSIONS
From the thermodynamic Performance as well as from Refrigerant Flammability (RF) number analysis of various investigated R22 alternative refrigerants, the conclusions can be drawn as follows.
(i) COP of M40 was 0.51% higher compared to R22 and the other refrigerants studied.
(ii) Compressor discharge temperatures of both M40 and M50 refrigerants were lowered by 11.6-11.9 0 C compared to R22. Hence, both the refrigerants exhibit better durability of the compressor motor windings. Similarly GWP100 of both M40 (815) and M50 (815) refrigerants was lower compared to that of GWP100 of R22 (1760).
(iii) Power consumed per ton of refrigeration of M40 was 0.52% lower compared to R22 and the other refrigerants studied.
(iv) Volumetric refrigeration capacity of M40 was very close to that of R22. Therefore, similar R22 compressor could be used for M40.
(v) Heat transfer through the condenser for R407C was higher, compared to R22 and the other five blends studied.
(vi) RF analysis revealed that refrigerant blends (M10 to M50) were categorized into weakly flammable refrigerants (ASHRAE A2 category), since RF number of these refrigerants was less than 30 kJ/g.
(vii) Overall, thermodynamic performance of new ternary refrigerant mixture M40 (R32/R134a/R1270 5/60/35 by mass %) was better than that of R22 from the stand point of COP, discharge temperature, GWP and power savings. Therefore, refrigerant M40 could be an eco-friendly alternative to R22 used in residential air conditioners. 
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